Introduction
The reliability of the inertial sensor determines that of the navigation or guidance system. The faults of a device in a navigation system may affect its performance, or even cause the failure of a whole task. There are two methods for enhancing a navigation system's reliability: (1) enhancing the reliability of a single inertial device, the convergence of which, however, is limited; or (2) integrating multiple inertial sensors (more than three) using appropriate redundant configurations so as to greatly enhance the navigation system's reliability and precision which is a commonly-used method in engineering. At present, there are four main configurations: Five gyroscope circular conical surfaces (Configuration 1), regular dodecahedrons (Configuration 2), three strapdown inertial measurement units (Configuration 3) and two strapdown inertial measurement units (Configuration 4) (Fig. 1 ). These configurations are widely applied in the field of aeronautics and astronautics. This paper focuses on Configuration 3 and Configuration 4 because of easier installation and processing. After a fault occurs, the switch is switched to another system without the need of information reconstruction. One system is another system's backup. If the faults in a redundant strapdown inertial navigation system are not detected and isolated, the information on its faults may pollute the guidance information. Therefore, the fault detection and isolation of a redundant strapdown inertial measurement unit are important for studying the reliability of guidance or navigation systems in the fields of aeronautics and astronautics. The study of fault detection of the RSIMU focuses primarily on the application and improvement 1, 2) of the parity space approach (optimal parity vector method, 3) the generalized likelihood test method 4) and the singular value decomposition method 5, 6) ). The studies in recent years include the following: 1) Zhang 7) proposed fault detection using SINS based on fault tree analysis, which introduces the information on the key component monitoring points and detects the faults of the gyroscope of the SIMU with the singular value decomposition method, thus obtaining a satisfactory simulation effect. 2) To cope with the high false dismissal rate and false alarm rate for soft-fault detection of a redundant strapdown inertial navigation system and to overcome the difficulty in detecting multiple soft faults, Wei 8) improved the generalized likelihood test method by enhancing its capacity for detecting two or more soft faults. 3) Lee 9) introduced parity space to improve the principal component analysis, and applied it to evenly installing and configuring the strapdown inertial navigation system with six uniaxial gyroscopes along their cone surfaces. However, they did not select threshold values or detect soft faults. 4) Zhang et al. 10) proposed a decoupling matrix represented by a symbol V selected with the optimal parity vector method being correlated, thus causing a high false-alarm rate. The singular value decomposition method constructs the decoupling matrix through decomposing the singular values of a matrix, but lacks unitization and sound isolation.
GLT is a classical fault detection method; whereas it is found that the fault detection effect is not ideal for a specific axis in Configuration 3 and Configuration 4. Configuration 4 cannot be used directly comparing sensors aligned on the same axes. The complex logical judgment table of Configuration 3, with nine gyros, brings computational complexity for fault detection. Therefore, the purpose of this research is to improve GLT method robustness, which can be applied in all kinds of configurations.
The authors' study discovers that the decoupling matrix constructed using the row vectors selected with an orthogonal projection array may have linear correlation, and the GLT method therefore cannot detect and isolate the faults of a RSIMU along a specific axial direction. This paper proposes constructing the decoupling matrix by selecting the maximum linearly independent system of the orthogonal projection array and then orthogonalizing and unitizing them. Finally, it verifies the decoupling matrix construction method applying Monte Carlo digital simulation.
The remainder of this paper is constructed as follows: Section 2 analyzes the deficiencies of the GLT method in solving the decoupling matrix in special configurations; Section 3 improves the GLT method, proposes a new decoupling matrix construction method and proves the decoupling matrix through mathematic deduction. Section 4 gives the performance evaluation results on the decoupling matrix construction method, and Section 5 presents the conclusion.
The Deficiencies of the GLT Method
For the majority of redundant configurations (Configuration 1 and Configuration 2) the H configuration matrix and the Potter 3) algorithm can be used to solve the V matrix, after which the implementation steps of the GLT method 4) can be used to correctly detect and isolate the faulty gyroscope.
In the case of several RSIMUs (for example, Configurations 3 and 4, two routine strapdown inertial measurement units mounted coaxially), the GLT method may have some difficulty in detecting and isolating their faults. The matrix that configures the three strapdown inertial measurement units (Configuration 3) is H 3 . The decoupling matrix V 3 can be solved using the algorithm proposed by Potter. 3) Although V 3 satisfies the equation
is not equal to I. Observing V 3 , it is found that V 3 has complete zero lines v Â Ã . The decoupling matrix converts the value measured Z of the RSIMU to point p in the parity space. Because the decoupling matrix V 3 has the zero vectors v , the parity vector point p does not contain information on gyroscopes 7, 8 and 9. Therefore, as shown in Fig. 2 , the GLT method cannot correctly detect any faults. At circa, the fifth second, there are scarcely any changes in the fault detection function F D . When the GLT method is used to detect and isolate the faults of two strapdown inertial measurement units, it also cannot detect the faults of gyroscopes 5 and 6. 
Improving the GLT Method

A new decoupling matrix construction method
An in-depth study found that the reason for the above problem is that the Potter algorithm selects only the foremost n À 3 lines of the orthogonal projection array
H T of the measurement matrix H to construct the decoupling matrix. However, the n À 3 lines of W are not necessarily linearly uncorrelated, and the decoupling matrix thus solved does not necessarily satisfy V:
This paper proposes that one maximum linearly independent system of the row vector sets of the matrix W should be selected, and that the vector set thus selected should be orthogonalized and unitized to construct the decoupling matrix V. For example, the orthogonal projection array of the measurement matrix H 3 of three strapdown inertial navigation sets is W 3 . We select the maximal linearly independent systems w 1 , w 2 , w 4 , w 5 , w 7 and w 8 of the row vector set in the array W 3 , in which w i is the ith row of the array W 3 . The orthogonalization and unitization of the maximum linearly independent systems produces u 1 , u 2 , u 3 , u 4 , u 5 and u 6 , thus obtaining the required decoupling matrix V The decoupling matrix V W 3 obtained with the improved strategy no longer contains a complete zero column, and the nine fault directions determined with the nine column vectors of the array V W 3 are different. Thus, the GLT method can be improved with the existing method and the new decoupling matrix construction method.
Proving
The new decoupling matrix V W satisfies: 
4. Applying the Improved GLT Method
Comparing performance
The likelihood test method also achieves similar effects for the configuration of regular dodecahedrons. Taking the configuration of three strapdown inertial navigation systems as an example, we also add a 5 /h step fault to gyroscope 7 at the fifth second, as shown in Fig. 3 . As the figure shows, the improved GLT method can correctly detect and isolate the gyroscope's faults while the existing method cannot detect gyroscope 7's fault, as shown in Fig. 2. 
Monte Carlo numerical simulation
To carry out the Monte Carlo simulation of the abovementioned four configurations 1,000 times, we add the 5 /h step fault to each gyroscope at the fifth second and then calculate the probability of correct detection (PCD) and the probability of correct isolation (PCI).
The results show that the effect of detecting the faults of Configurations 1 and 2 with the improved method is commensurate with that of the existing method. This also shows that the new decoupling matrix does not reduce the performance of the GLT method. Table 1 shows that the GLT method cannot detect the faults of gyroscopes 7, 8 and 9 in Configuration 3, while the improved method can do so easily. Table 2 shows that the GLT method cannot detect the faults of gyroscopes 5 and 6, while the improved method can. But the high PCD is not commensurate with the low PCI. The in-depth study conducted shows that this fundamentally results from the parity space approach based on the methods (mapping redundant measurement information to parity space with the decoupling matrix). In nature, the parity space approach uses redundant values measured to compare residual error with the threshold value. Six gyroscopes out of three groups in Configuration 4 can be compared with each other, namely the comparison of gyroscopes 1 and 2, the comparison of gyroscopes 3 and 4, and the comparison of gyroscopes 5 and 6. The results of comparing of gyroscopes 1 and 2 cannot be corrected with the information of gyroscopes 3 through 6 because gyroscopes 1 and 2 are orthogonal with gyroscopes 3 through 6. The results of comparing of gyroscopes 1 and 2 can decide that a fault has occurred, but cannot decide which gyroscope the fault.
Conclusion
The decoupling matrix constructed with the existing generalized likelihood test method cannot detect and isolate the faults of several SIMUs along a specific axial direction because the solution of the decoupling matrix uses the row vectors of an orthogonal projection array that do not satisfy linear correlation conditions. This paper proposed selecting the maximum linearly independent systems of the orthogonal projection array to solve the decoupling matrix. The improved GLT method has a commensurate effect of detecting the faults of the conventional configuration of RSIMUs using the existing method; the new decoupling matrix does not reduce the performance of the latter. The parity space approach uses the decoupling matrix to map the redundant values measured and then compares residual error with threshold value. The probability of correct isolation of faults of the configuration of two strapdown inertial measurement units is rather low because the special configuration cannot locate their faults. 
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